Abstract: Novel hybrid organic-inorganic coatings were obtained by photopolymerization and subsequent thermally induced condensation through solgel processes. Both radical (methacrylic) and cationic (epoxy) resins were considered as precursors of the organic phase; tetraethoxysilane (TEOS) was the precursor of the inorganic phase. The effect of the presence of a coupling agent was investigated. Real-time FT-IR analysis was used for evaluating the kinetics of photopolymerization.
Introduction
Organic-inorganic hybrid materials are one of the most interesting developments recently achieved in polymeric materials. As a matter of fact, the combination of an organic with an inorganic phase provides toughness, lower process temperatures and reduced internal tensions. Therefore, such materials show high interest in different fields, such as for mechanical, barrier, thermal, optical, electronic and biomedical applications [1] [2] [3] [4] .
For the preparation of these materials, one method involves a dual-curing process, based on a UV-induced polymerization followed by a thermal condensation of the inorganic precursor, according to a sol-gel reaction [5] .
Radiation curing technologies are expanding rapidly, both with respect to volume production and to new peculiar applications. The photopolymerization process allows to transform a liquid system in a 3D solid (glassy or rubbery) in a very short time, at room temperature, without using solvents and with a low energy consumption. In addition, it can be used to coat temperature-sensitive substrates (paper, wood, plastics) [6] .
In previous papers [5, [7] [8] [9] we have investigated the possibility of using oligomers that polymerize through both free radical and cationic mechanisms.
Pursuing this research line, we have focused our attention on the structure and morphology of the obtained hybrid nanocomposites.
29
Si-NMR spectroscopy gives clear insights about the polycondensation reaction of the alkoxysilane groups; FE-SEM analysis allows to investigate the morphology of the systems. Some thermal properties (T g and thermal stability) were also evaluated.
Results and discussion

Kinetics of photopolymerization
In Figure 1 , the kinetic curves related to (meth)acrylic systems containing different amounts of TEOS (in the range 0-50 w/w %), as obtained by real-time FT-IR spectroscopy, are reported. It can be noted that by increasing TEOS content, the photopolymerization rate slightly decreases. This behavior can be attributed to the dilution effect caused by the presence of TEOS. Therefore, the higher the content of TEOS, the higher the time required to reach the asymptotic value. The final conversion is about 98% in any case. In Figure 2 , the kinetic curves related to epoxy systems containing different amounts of TEOS and of the coupling agent, as obtained by real-time FT-IR spectroscopy, are reported. Although the initial part of the curves is rather different for each system, due to the presence of different amounts of TEOS and of the coupling agent, all the curves tend to the same asymptotic value, which is about 98%. where R is either H or an alkyl group. The assignment of the peaks was reported in previous papers [10, 11] .
The proportions of the T and Q species present in the hybrid systems were extracted from the 29 Si NMR spectra using a standard Gaussian line-shape deconvolution technique based on the peak areas of each species [12] .
The degree of condensation (Dc) of T and Q species in the hybrid materials was calculated from the proportions of each T and Q species, according to the following equations:
while the total degree of condensation was calculated according to the equation:
where T i ratio represents the ratio of T i species signals referred to the sum of T type species; Q i ratio is related to Q type species.
As far as acrylic systems are concerned,
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Si NMR spectra of the bulk hybrid materials are shown in Figure 3 species respectively. The relative ratios of T and Q are collected in Table 1 .
Tab. 1. Relative ratios of the different T and Q species in the organic-inorganic systems from 29
Si-NMR spectra (radical systems).
Relative ratio Dc(T) Relative ratio Dc(Q) T Dc T Si NMR spectra show that the hybrid material is mainly crosslinked by T 2 and Q 3 species. If the hybrid systems were fully condensed, only T 3 and Q 4 species would appear. Indeed, the condensation is not complete as revealed by the low content of Q 4 species. T 1 and Q 1 signals are not present, thus indicating that for each Si atom, two or more alkoxysilane groups take part in the condensation reaction.
The presence of the high coupling agent amounts tends to reduce the formation of Q 4 species; in fact, the relative proportion of Q 4 is almost equal for B0-50 and B10-50 samples, but it significantly decreased in the sample containing 15% of MEMO (B15-50).
The low condensation state of silica is consistent with the fact that the sol-gel process is performed at relatively low temperatures [11] . Therefore the coupling agent could improve the branching of the silica domains and reduces the formation of dense clusters. This hypothesis is supported by the lowering of the degree of condensation of both T and Q species; a similar trend is evident also in the total degree of condensation. We can assume that the increase of the coupling agent enhances the organic/inorganic interface and produces a finer dispersion [13, 14] . Si NMR spectra of acrylic systems after the dual-curing process.
As far as epoxy systems are concerned, 29 Si NMR spectra of the bulk hybrid materials are shown in The relative ratios of T and Q species are collected in Table 2 . The interpretation of these data is confirmed by the fact that the relative ratios of T and Q species in the hybrid materials are in accordance with the relative amounts of GPTS and TEOS in the starting composition. As for radical systems, T 1 and Q 1 peaks are absent, indicating that also in this case for each Si atom two or more alkoxysilane groups take part to the condensation reactions. These results are in agreement with the data reported in the literature, which indicate the formation of very short oligomers, under acidic catalysis [15] .
From the data of Table 4 , it is evident that in all the systems investigated the alkoxide groups are not fully condensed; the low condensation state is consistent with the low temperature of the condensation process [11] .
The increase from 30 to 50% of TEOS (samples H14-30 and H10-50) causes the full formation of T 3 species, without any T 2 species signal. This suggests that, in these conditions, the trialkoxysilane groups exhibit a higher reactivity with respect to tetraalkoxysilanes [15] . Furthermore, Q 4 species appear in H10-50 sample. This leads us to the conclusion that the increase in TEOS content increases the formation of Q 4 structures.
The comparison between H0-50 and H10-50 samples confirms that both systems are not fully condensed. The presence of the coupling agent (H10-50 sample) decreases the amount of Q 3 species. Therefore, we can assume that the coupling agent improves the branching of the silica domains and reduces the formation of dense clusters.
Fig. 4.
29
Si NMR spectra of epoxy systems after the dual-curing process.
Thermal analyses
In Table 3 some thermal properties of the different systems investigated are collected. The T g values determined by DMTA analysis increase by increasing the amount of the coupling agent and of TEOS, indicating a decrease of the mobility of the polymer chains, due to the strong interactions with the inorganic phase.
In Figure 5 the tan δ curves vs. T related to the acrylic systems are reported: they clearly indicate the increase of T g and show a broadening of the curves with the increase of the coupling agent and of TEOS content.
In Figure 6 , TGA data in air for the cured films are collected. T10 and T50 (which correspond to 10% and 50% of weight loss respectively) slightly increase by increasing the coupling agent or TEOS content. The char content is in good agreement with the content of TEOS and of the coupling agent (Table 3) .
Tab. 3. Thermal properties of acrylic and epoxy systems. 
Morphology of the hybrid systems
All the films are perfectly transparent, therefore a nanometric morphology should be expected. X-ray diffraction analyses evidenced typical diffraction patterns of amorphous SiO 2 .
Concerning the acrylic systems, the role of the coupling agent was investigated by taking FE-SEM images of samples with the same content of TEOS and different amounts of MEMO; the micrographs are presented in Figure 7 . Every sample shows an uniform distribution of the inorganic phase at a nanometric level. Two types of objects are mainly present: spherical shapes with an average dimension of 200 nm and acicular structures with a higher aspect ratio. The number of acicular domains increases in the presence of MEMO; at the same time, the presence of spherical structures decreases. In absence of MEMO, the nanocomposites exhibit a morphology with larger spherical inorganic particles.
As far as epoxy-based hybrid systems are concerned, the average size of the inorganic domains was investigated by taking FE-SEM image of H10-50 sample (Figure 8) . The sample shows a good distribution of the inorganic phase within the nanometric level. Two types of objects are mainly present: spherical domains with an average dimension of 200 nm and aggregates of such primary objects.
Conclusions
We investigated hybrid organic-inorganic coatings obtained by combining photopolymerization together with a sol-gel process (dual-curing process). Real-time FT-IR spectroscopy indicated that in all the systems a complete conversion of the photocurable reactive groups was achieved.
Moreover the structure of the inorganic domains was studied by using 29
Si-NMR spectroscopy. These measurements indicated that both in methacrylic-and in epoxybased systems, T 1 and Q 1 signals are absent, thus indicating that for each Si atom, two or more alkoxysilane groups take part to the condensation reaction.
Depending on the presence of the coupling agent, different morphologies, sizes and size distribution of the inorganic domains in the final hybrids were obtained. FE-SEM analyses confirmed that by increasing the amount of the coupling agent, an increase of the organic/inorganic interface and a decrease of the size of the inorganic domains was assessed.
DMTA and TGA analyses revealed an increase of the T g values and of the thermal stability of the hybrid materials in air by increasing the coupling agent and TEOS content.
Experimental part
Materials
Bisphenol A ethoxylate (15 ethylene oxide units per phenol unit) dimethacrylate (BEMA) was used as acrylic oligomer. Methacryloyl oxypropyltrimethoxysilane (MEMO) was used as coupling agent. Tetraethoxysilane (TEOS) was the inorganic precursor. Hydrochloric acid and dibutyltin diacetate were used as catalysts. All these materials were purchased from Aldrich. As photoinitiator, 2-hydroxy-2-methyl-1-phenyl propan-1-one (Darocur 1173 from Ciba Specialty Chemicals) was employed.
As far as cationic systems are concerned, 1,6-hexanedioldiglycidyl ether (HDGE, RV1812, EMS Switzerland) was used as UV-curable epoxy resin. 3-Glycidoxypropyltrimethoxysilane (GPTS, Aldrich) was used as coupling agent and tetraethoxysilane (TEOS) was the inorganic precursor. A commercially available mixture of antimonate sulfonium salts was used as cationic photoinitiator (UVI 6976, solution 50% w/w with propylene carbonate, Dow).
We investigated different compositions for both acrylic and epoxy systems; the samples were labelled as BX-Y for the acrylic or HX-Y for the epoxy systems, where X is the weight percentage of coupling agent and Y the weight percentage of TEOS.
All the systems were subjected firstly to UV-induced polymerization, then to thermal condensation of the alkoxysilane groups. The process was reported in details in a previous paper [5] .
Characterization techniques
The kinetics of the photopolymerization process was evaluated by real-time Fourier Transform Infrared Spectroscopy (FT-IR), employing a Thermo-Nicolet 5700 instrument. The sample was exposed simultaneously to the UV beam, which induces the polymerization, and to the analyzing IR beam. The methacrylic groups conversion was followed by monitoring the decrease in the absorbance of the band centred at 1640 cm -1 normalized with respect to the C=O band located at 1730 cm -1
.
As far as cationic systems are concerned, the epoxy groups absorption at 970 cm −1 was considered and normalized to the ester band at 1670 cm
All Magic Angle Spinning (MAS) solid-state NMR spectra were acquired using a JEOL GX270 instrument equipped with a XC5 Doty probe. The resonance frequencies of 29 Si at a magnetic field strength of 6.34 T fall at 53.54 MHz. Samples were spun in a zirconia rotor (5 mm diameter) at about 6.5 kHz. About 400-500 scans were accumulated with a 2.5 μs pulse width, corresponding to a 37.5° tip angle. A spectral width of 40 kHz was used and the recycle delay was set at 100 s to minimize longitudinal relaxation (T1) saturation effects. The
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Si chemical shifts were referred to TMS (tetramethylsilane) as a secondary reference. The films were milled in order to give a fine powder.
SEM analyses were performed on fracture surfaces of the hybrid systems by using a ZEISS SUPRA™ 40 Field Emission Scanning Electron Microscope (FE-SEM) with an acceleration voltage of 10 KV and WD= 2 mm (Nominal resolution: 1.5 nm).
RX measurements were performed using a Philips X'PERT-MPD diffractometer (CuKα radiation; 2θ range: 2-30°; Δ2θ step: 0.02°; step time: 2 s).
Dynamic-mechanical thermal analyses (DMTA) were performed on a MK III Rheometrics Scientific Instr. at 1 Hz frequency in the tensile configuration. The storage modulus, E', and the loss factor, tan δ, were measured from -50 °C up to the temperature at which the rubbery state was attained. The T g value was assumed as the maximum of the loss factor curve vs. T.
Thermogravimetric analyses (TGA) were performed with a Mettler TGA/SDTA 851 instrument between 20 and 700 °C at a heating rate of 10 °C/min in air.
